ABSTRACT: Isolated methylmalonic acidurias comprise a heterogeneous group of inborn errors of metabolism caused by defects of methylmalonyl-CoA mutase (MCM) (mut 0 , mut -) or deficient synthesis of its cofactor 5=-deoxyadenosylcobalamin (AdoCbl) (cblA, cblB). The aim of this study was to compare the long-term outcome in patients from these four enzymatic subgroups. Eighty-three patients with isolated methylmalonic acidurias (age 7-33 y) born between 1971 and 1997 were enzymatically characterized and prospectively followed to evaluate the long-term outcome (median follow-up period, 18 y). Patients with mut 0 (n ϭ 42), mut Ϫ (n ϭ 10), cblA (n ϭ 20), and cblB (n ϭ 11) defects were included into the study. Thirty patients (37%) died, and 26 patients survived with a severe or moderate neurologic handicap (31%), whereas 27 patients (32%) remained neurologically uncompromised. Chronic renal failure (CRF) was found most frequently in mut 0 (61%) and cblB patients (66%), and was predicted by the urinary excretion of methylmalonic acid (MMA) before CRF. Overall, patients with mut 0 and cblB defects had an earlier onset of symptoms, a higher frequency of complications and deaths, and a more pronounced urinary excretion of MMA than those with mut Ϫ and cblA defects. In addition, long-term outcome was dependent on the age cohort and cobalamin responsiveness. I solated methylmalonic acidurias (synonym: methylmalonic acidemias) comprise a group of autosomal recessively inherited disorders characterized by an accumulation of MMA. They are caused by deficient activity of the homodimeric mitochondrial enzyme MCM (EC 5.4.99.2), which converts methylmalonyl-CoA to succinyl-CoA within the final catabolic pathway of L-isoleucine, L-valine, L-methionine, and L-threonine, odd-chain fatty acids, and the side chain of cholesterol. Deficient activity of MCM is caused by defects in the MCM apoenzyme or deficient intracellular synthesis of its cofactor AdoCbl. Two subgroups of MCM apoenzyme deficiency have been delineated, i.e. mut Ϫ defect with residual activity in the presence of high concentrations of AdoCbl and mut 0 defect with complete loss of MCM activity (1). Both defects are caused by mutations in the MUT gene and therefore belong to the same complementation group (MIM #251000). Using somatic complementation analysis, defects of AdoCbl synthesis can be subdivided into several groups, three of which cause isolated methylmalonic acidurias, i.e. cblA, cblB, and, less frequently, cblD defects (2). The cblA defect (MIM #251100) is caused by mutations in the MMAA gene encoding a protein of unknown function (3), whereas the cblB defect (MIM #251110) is caused by mutations in the MMAB gene encoding cobalamin adenosyltransferase (EC 2.5.1.7) (4).
I solated methylmalonic acidurias (synonym: methylmalonic acidemias) comprise a group of autosomal recessively inherited disorders characterized by an accumulation of MMA. They are caused by deficient activity of the homodimeric mitochondrial enzyme MCM (EC 5.4.99.2), which converts methylmalonyl-CoA to succinyl-CoA within the final catabolic pathway of L-isoleucine, L-valine, L-methionine, and L-threonine, odd-chain fatty acids, and the side chain of cholesterol. Deficient activity of MCM is caused by defects in the MCM apoenzyme or deficient intracellular synthesis of its cofactor AdoCbl. Two subgroups of MCM apoenzyme deficiency have been delineated, i.e. mut Ϫ defect with residual activity in the presence of high concentrations of AdoCbl and mut 0 defect with complete loss of MCM activity (1) . Both defects are caused by mutations in the MUT gene and therefore belong to the same complementation group (MIM #251000). Using somatic complementation analysis, defects of AdoCbl synthesis can be subdivided into several groups, three of which cause isolated methylmalonic acidurias, i.e. cblA, cblB, and, less frequently, cblD defects (2) . The cblA defect (MIM #251100) is caused by mutations in the MMAA gene encoding a protein of unknown function (3), whereas the cblB defect (MIM #251110) is caused by mutations in the MMAB gene encoding cobalamin adenosyltransferase (EC 2.5.1.7) (4).
The clinical presentation of patients with isolated methylmalonic acidurias is variable; however, neonatal manifestation is usually associated with a severe disease course (5) . Children with neonatal onset frequently present with recurrent vomiting, muscular hypotonia, progressive alteration of consciousness, and, finally, overwhelming illness that can progress to coma and death. Severe ketoacidosis and lactic acidosis, hyperammonemia, hyperglycemia, hypoglycemia, neutropenia, anemia, or pancytopenia are frequently found. If untreated, recurrent metabolic crises usually result in multiorgan failure or death. These metabolic crises are precipitated by conditions that are likely to induce catabolic state (e.g. febrile illness). In other patients with chronic progressive disease, psychomotor retardation and failure to thrive are the leading symptoms (6, 7) .
The first study on the natural history of methylmalonic aciduria demonstrated differences in the disease course and outcome of patients with isolated methylmalonic acidurias, with mut 0 patients being most severely affected (8) . However, this has not been studied in further detail in later studies, which have classified patients according to the onset of clinical symptoms and cobalamin responsiveness but not based on the underlying enzymatic defect (7, 9, 10) . These studies have shown that the outcome was unfavorable in patients with early onset of symptoms and in those not responding to cobalamin. Although the overall survival has improved during the past two decades, the long-term outcome still remains disappoint-ing (7, 9) . Neurologic outcome is often impaired by the manifestation of extrapyramidal movement disorder and developmental delay (10) . Furthermore, CRF is frequently found (11) . The major aim of this study was to investigate the long-term outcome in patients with isolated methylmalonic acidurias and whether the underlying enzymatic defect (mut 0 , mut Ϫ , cblA, and cblB) plays an important role in the outcome.
METHODS
Study population. Eighty-three patients (45 female, 38 male) with a confirmed diagnosis of isolated methylmalonic acidurias from 37 European hospitals were included into this study. Patients were divided in three birth cohorts, i.e. 1970 -1979 (cohort I), 1980 -1989 (cohort II), and 1990 -1997 (cohort III), and were followed until July 2004 (Table 1) . Preliminary data on the follow-up of some patients until 1992 were reported more than one decade ago but did not differentiate between cblA and cblB defects (11) .
The ethnic origin of the study patients was heterogeneous; however, most of them came from European countries, such as Germany (n ϭ 26), Turkey (n ϭ 13), Switzerland (n ϭ 9), Belgium (n ϭ 8), Italy (n ϭ 8), Austria (n ϭ 5), the Netherlands (n ϭ 4), France (n ϭ 2), Portugal (n ϭ 2), and Greece (n ϭ 1). Single patients from Tunisia, Libya, and Iran, or of unknown origin (n ϭ 2) were also included. The frequency of known consanguinity in these families was high (30%; 22/73 families). Eighteen patients were siblings (nine families).
All mut 0 and cblB patients received a low-protein diet (with or without administration of isoleucine-, methionine-, threonine-, and valine-free amino acid supplements); oral carnitine supplementation; and, in some cases, intermittent intestinal decontamination using metronidazole for maintenance treatment. Cobalamin-responsive patients were treated with hydroxycobalamin (OH-Cbl) or cyanocobalamin (i.m. or p.o.). Emergency treatment was performed during conditions precipitating a catabolic state (e.g. febrile illness, immunization, surgery). Two mut 0 patients underwent orthotopic liver transplantation, one at the age of 17 mo and the other at the age of 8 y. These patients were followed separately after transplantation. Informed consent was obtained from patients and/or parents. The study was approved by the Institutional Review Board of the University of Basel, Switzerland.
Enzymatic classification of patients (mut 0 , mut ؊ , cb1A, and cb1B defects). Patients were classified as having mut 0 , mut Ϫ , cblA, or cblB defects by enzyme studies in cultured fibroblasts including analysis of MCM activity in crude cell or tissue homogenates (12) , and incorporation of 14 C-propionate into acid-precipitable materials in intact fibroblasts that were grown in basal medium with or without added OH-Cbl (1 or 10 g/mL) as previously described (13, 14) . Both holo-MCM (assay without AdoCbl) and total MCM (assay with 50 -100 M AdoCbl) activities were strongly decreased in mut 0 and mut Ϫ patients, whereas total MCM activity was normal in patients with deficient AdoCbl synthesis. Propionate incorporation was deficient in cells cultivated in basal medium, but cells showed a variable degree of response after administration of OH-Cbl, and, thus, in vitro OH-Cbl responsiveness was used to differentiate between mut 0 and mut Ϫ patients. Cells of patients showing an at least 1.5-fold increase in propionate incorporation after administration of OH-Cbl were classified as mut Ϫ , whereas those with less or no increase were classified as mut 0 . Patients with deficient AdoCbl synthesis were differentiated into cblA defect using somatic complementation analysis or cblB defect using complementation analysis or analysis of cobalamin adenosyltransferase activity in fibroblast homogenates as described (2, 15) . In two patients, the enzymatic classification was based on previous results of an affected sibling.
There is no common consensus on the precise procedure for testing and evaluating cobalamin responsiveness. In vivo cobalamin responsiveness was usually tested by measurement of urinary MMA after repetitive administration of OH-Cbl (1-10 mg i.m. or i.v.) during a clinical and metabolic stable condition. In a minor subset of patients, a clinical trial of cobalamin was performed before stable conditions were achieved. However, most of these were retested later.
Urinary excretion of MMA. Urinary concentration of MMA was quantified by gas chromatography/mass spectrometry. To avoid a bias induced by episodes of acute metabolic decompensation during which metabolic tests are more frequently performed than during episodes of compensated metabolic state, mean monthly values of urinary MMA excretion were calculated and used for the statistical analysis. Gas chromatography/mass spectrometry analyses were only included if performed before the manifestation of CRF.
Anthropometrics and assessment of neurologic and renal outcome. A standardized questionnaire was sent out to referring physicians at three defined time points, i.e. at diagnosis, 1992, and 2003. The questionnaire asked for clinical presentation and major complications (e.g. metabolic stroke, CRF, and pancreatitis), anthropometrics, blood pressure, routine laboratory tests (including complete blood cell count, serum creatinine, serum uric acid, and urinary MMA concentration), results of cranial magnetic resonance imaging (MRI), treatment protocol, and psychomotor development (including results of different standardized psychological tests). In addition, files were examined in detail by two of the coauthors. 
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SD scores for length and head circumference were determined in comparison with the First Zurich Longitudinal Study of Growth and Development (16) , and body weight was compared with age-specific percentiles from the same study (16) .
Creatinine clearance was calculated from simultaneously obtained values of serum creatinine and supine length using the Schwartz formula (17) . A creatinine clearance Ͻ60 mL/min/1.73 m 2 was defined as CRF according to the European definition. Renal function was not evaluated in patients from cohort 1, who died before the age of 2 y because CRF was not recognized as a frequent complication at that time.
Statistical analysis. Statistical analysis was performed using R (18). Nonparametric tests were used to calculate the differences in morbidity (renal complications and anthropometric changes) and mortality among age cohorts and enzymatically defined subgroups. Survival rates were compared by log-rank tests and were presented as Kaplan-Maier estimate survival curves. Onset of symptoms was tested for significant differences between groups using Kruskal-Wallis rank sum test. The Kruskal-Wallis test was also used to test the differences between medians of urinary MMA concentrations in enzymatically defined subgroups and the Wilcoxon rank sum test with continuity correction was used to test the differences in MMA excretion between patients with and without chronic renal failure. The incidence of chronic renal failure was tested for significant differences between groups using Pearson's 2 test.
RESULTS

Enzymatic classification of patients.
Of the 83 patients, 42 (41 families) were classified as mut 0 , 10 (eight families) as mut Ϫ , 20 (15 families) as cblA, and 11 (nine families) as cblB patients. The median follow-up period was 18 y (range, 7-33 y; Table 1 ).
Cobalamin responsiveness. In general, cobalamin responsiveness is difficult to evaluate, particularly in patients with relatively low MMA excretion. Among the well-documented patients, one of five tested cblB patients, three of four tested mut Ϫ patients, and all cblA patients responded to cobalamin therapy requiring variable doses (1 mg/d p.o. to 10 mg OHCbl i.m. twice weekly). In four additional mut Ϫ patients, a clinical trial with cobalamin was performed shortly after diagnosis. Three of them were reported to show a positive response (MMA data were not given); however, cobalamin therapy was stopped later because of noncompliance. The fourth patient was judged as nonresponsive by the responsible physicians. Of the two remaining mut Ϫ patients, one died in infancy before diagnosis and cobalamin was never tried in the other patient.
Urinary MMA excretion. Serial investigations of urinary MMA concentrations (median number of investigations, 35; range, 15-207) were performed in 35 patients. They differed significantly between the enzymatic subgroups (KruskalWallis rank sum test 2 ͓3͔ ϭ 665, p Ͻ 0.001), due to interand intraindividual variations there was considerable overlap (Fig. 1) . Highest median concentrations were found in mut 0 patients and lowest in cblA and mut Ϫ patients, whereas cblB patients had intermediate urinary MMA concentrations. Age distribution of patients at last investigation of urinary MMA did not differ between subgroups (Kruskal-Wallis rank sum test 2 ͓3͔ ϭ 6.13, p ϭ 0.11). Age at onset of symptoms and mortality. Age at onset and disease progression differed between the four enzymatic subgroups. Earliest onset of symptoms was found in mut 0 patients, whereas mut Ϫ patients showed latest onset of symptoms (Fig. 2) . Forty-eight percent of patients developed symptoms within the first week of life, which was most common in mut 0 patients (30/41 patients; median age at onset of symptoms, 5 d). The majority of these mut 0 patients (25/30) had acute metabolic decompensation. Neonatal onset was found in 60% of patients with cblB (6/10; median age, 10 d), 55% of cblA patients (10/18; median age, 25 d), and 37% of mut Ϫ patients (3/8; median age, 75 d). In six patients, the onset of symptoms has not been documented. The differences in the onset of symptoms between groups showed a clear tendency, but did not reach statistical significance (KruskalWallis rank sum test 2 ͓3͔ ϭ 7.54, p ϭ 0.06). Thirty patients (37%) died (median age, 2.7 y; range, 4 d to 22.6 y) with apparent differences in the frequency of death between the four enzymatic subgroups (log-rank test 2 ͓3͔ ϭ 11.2, p ϭ 0.01; Fig. 3 ). Mortality was high in mut 0 (20 deaths; median age at death, 2 y; range, 4 d to 22.6 y), cblB (five deaths; median age at death, 2.9 y; range, 7 d to 5.9 y), and mut Ϫ patients (four deaths; median age at death, 4.5 y; range, 4.6 mo to 8.9 y), but was less frequent in cblA patients (one death; age at death, 14 d). Furthermore, the survival rate of mut 0 patients increased from the older (cohort I) to the younger (cohort III) birth cohorts (log-rank test 2 ͓3͔ ϭ 16.2, p Ͻ 0.005; Fig. 4 ) but remained unchanged for mut Ϫ , cblA, 
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LONG-TERM OUTCOME IN MMA and cblB patients. Most deaths occurred during severe metabolic crises, but autopsies have only been performed rarely. One patient died unexpectedly due to cardiac arrest without previous cardiomyopathy and after full recovery from metabolic crisis. Anthropometrics. In general, growth retardation, failure to thrive, and mild microcephaly were frequently found in affected patients but again revealed some differences between subgroups. Failure to thrive was most frequently found in mut 0 patients (47%), whereas it was rarely reported in cblA patients (5%). The median length was below the age-specific mean in all patients, but differed significantly between subgroups (Kruskal-Wallis rank sum test 2 ͓3͔ ϭ 9.12, p ϭ 0.02). Again, mut 0 patients (SD ϭ Ϫ2.2; range, Ϫ6.2 to 0.4) were more severely affected than cblB (SD ϭ Ϫ1.7; range, Ϫ4.9 to 1.8), mut Ϫ (SD ϭ Ϫ1.05; range, Ϫ3.1 to 0.9) and cblA (SD ϭ Ϫ1.0; range, Ϫ2.1 to 1). Mild microcephaly was quite common, but head circumference was not significantly different between subgroups (Kruskal-Wallis rank sum test 2 ͓3͔ ϭ 2.40, p ϭ 0.49). Renal complications. CRF occurred in 43% of patients older than 2 y of age. The frequency of CRF differed between the four enzymatic subgroups (Pearson's 2 test 2 ͓3͔ ϭ 12.82, p ϭ 0.005). CRF was common in mut 0 (61%) and cblB (66%) patients but was less frequently (cblA, 21%) or even not (mut -) found in other patients (Table 2) . Median age at manifestation of CRF was 8 y (range, 2-18 y) in mut 0 , 11 y (range, 6.4 -12 y) in cblA, and 13.5 y (range, 12-15 y) in cblB patients. Eight patients with CRF (four mut 0 , three cblA, one cblB) required hemodialysis. Secondary complications of CRF, such as anemia, arterial hypertension, and renal osteopathy further aggravated the disease course in these patients. Notably, the monthly mean excretion of MMA correlated with the occurrence of CRF (Wilcoxon rank sum test with continuity correction, W ϭ 59307; p Ͻ 0.001; Fig. 5) , suggesting that the amount of urinary MMA excretion may predict the occurrence of CRF.
Both patients who underwent liver transplantation subsequently developed impaired renal function. One patient, who received a transplant at 18 mo of age, had CRF at age 12 y (P. Goyens and C. De Laet, personal communication), whereas the other patient who received a transplant at age 8 y had a decreased glomerular filtration rate but no CRF by age 14 y (19) .
Neurologic complications. Neurologic outcome was documented in 68 patients (78%). In general, the frequency of neurologic complications was high in all subgroups. Movement disorders (30%), seizures (23%), and mental retardation (25%) were the major complications. Psychosis and optic nerve atrophy were observed in a single patient. Cognitive dysfunction varied considerably between the subgroups. Again, mut 0 patients had the poorest outcome (Fig. 6) . * Patients with CRF/total number of patients older than 2 years of age; median age (range) at the end of the study of surving patients.
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MRI studies in mut 0 patients (n ϭ 10) showed persistent abnormalities in seven patients, including basal ganglia lesions (n ϭ 2), cortical atrophy (n ϭ 3), and a more complex pattern in one patient presenting with arachnoidal cysts, Dandy-Walker malformation, and cerebellar hypoplasia. MRI studies in cblA patients (n ϭ 8) showed cortical atrophy (n ϭ 3) and white matter disease (n ϭ 2) but no basal ganglia lesions. MRI scans in two mut Ϫ patients and one cblB patient revealed no abnormalities, whereas another cblB patient and one mut Ϫ patient had basal ganglia lesions. Gastrointestinal complications. Acute pancreatitis was reported in two mut 0 patients resulting in insulin-dependent diabetes mellitus or death. Feeding difficulties and anorexia were frequently found and necessitated tube feeding in 13 patients, 11 of them belonging to the mut 0 subgroup.
DISCUSSION
This study demonstrates that the long-term outcome in isolated methylmalonic acidurias is influenced by the underlying enzymatic defect (mut 0 , mut Ϫ , cblA, cblB). Earlier reports focused on the onset of symptoms and cobalamin responsiveness to classify the patients and to predict outcome (9, 10) . However, these parameters are variable and not sufficiently discriminative. Although previous studies have hypothesized that the enzymatic classification is a valuable tool for the assessment of outcome parameters (8, 11) , our study adds important new information on long-term follow-up and renal function.
In agreement with the observation of Matsui et al. (8) , our study demonstrates that mut 0 and cblB patients have a higher frequency of morbidity, mortality, and neurologic complications than mut -and cblA patients. In addition, as a result of the longer observation period, the present study adds the complication of chronic renal damage. A better neurologic outcome in mut -patients was also reported by Shevell et al. (20) .
However, none of their nine patients died or had an early onset of symptoms in contrast to our study and that of Matsui et al.
Our results thus confirm the previous suggestion that a correct enzymatic classification of patients with isolated methylmalonic acidurias (mut 0 , mut Ϫ , cblA, and cblB) is helpful in predicting the long-term outcome and to specify the management of different patient groups.
The increased survival rate from the older to the younger birth cohorts, in particular in mut 0 patients, mainly reflects an improvement of maintenance and emergency treatment strategies, as well as of neonatal care, diagnostics and increasing awareness of pediatricians for inborn errors of metabolism. It remains to be elucidated whether neonatal screening programs using tandem mass spectrometry are helpful in preventing the manifestation of neonatal crises and improving the outcome in methylmalonic acidurias. Because a considerable number of patients (in particular mut 0 ) present clinically before a positive screening result is available, it has been questioned whether an inclusion of methylmalonic aciduria to neonatal screening programs would be successful (21) . The present study demonstrates a large variation in the onset of symptoms (in particular, in mut Ϫ , cblA, and cblB patients), supporting that neonatal screening might be beneficial for these patients. Additionally, our observation in siblings from three families with a cblA defect provides evidence that especially milder forms of the disorder may profit from neonatal screening. The IQs of the three patients treated from the newborn period differed considerably from those of their older siblings (107 versus 78, 117 versus 73, and 120 versus 106).
Despite improving diagnostic workup and therapy, our study clearly shows that methylmalonic acidurias remain life threatening with a high burden of neurologic, renal, and other complications, in mut 0 patients in particular. In addition, this study highlights that the outcome may also be severely compromised in the cblB defect, whereas long-term complications are less frequently found in mut Ϫ and cblA patients. It remains to be elucidated whether this difference is related to cobalamin responsiveness, which was often found in mut Ϫ and always in cblA patients but only rarely in cblB patients and never found in mut 0 patients in our study. Cobalamin responsiveness should be tested carefully in each patient, particularly in cblB patients to avoid misclassification of patients with a mild response. Unfortunately, in vitro cobalamin responsiveness does not reliably predict in vivo responsiveness (13) , and standardized protocols to test cobalamin responsiveness have not yet been established.
Serial analyses of urinary MMA concentrations reveal significant differences among the four enzymatic subgroups. This is not unexpected because the severity of MCM deficiency and the degree of cobalamin responsiveness influence the accumulation of MMA. However, urinary MMA excretion has a considerable day-to-day variation in individual patients, mainly influenced by fasting, intake of natural protein, and hydration (22) . Furthermore, the collection of serial urine samples was not standardized with regard to nutritional parameters and thus is a source of bias. Nevertheless, we demonstrate a significant difference in the urinary concentration of MMA between the subgroups, suggesting that this is a robust 
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LONG-TERM OUTCOME IN MMA follow-up parameter before onset of CRF. Interestingly, the highest mean concentrations of MMA were found in patients who later developed CRF. In this light, an estimation of cumulative MMA excretion over time may be helpful to assess the risk of CRF. This notion is supported by our finding that CRF was not found in any patient with urinary MMA excretion below an approximate threshold of 2000 mmol/mol creatinine, even in patients older than 20 y. However, we cannot exclude that even these patients will develop CRF over a longer time period. Taken together, the age at onset and progression of CRF seem to depend on the severity of the disorder as predicted by urinary MMA excretion. Of course, these results require confirmation from prospective follow-up studies with standardized biochemical monitoring. Furthermore, it remains to be determined whether blood MMA and/or propionylcarnitine levels may also predict the outcome.
The spectrum of neurologic complications observed in mut 0 and cblB patients is in accordance with a previous study in a cohort of cobalamin nonresponders with an early onset of symptoms (10) . However, in the present study, we demonstrate that a minority of mut 0 patients remained neurologically unaffected. It is unknown whether this reflects the beneficial effects of therapy or is influenced by individual protecting factors modifying the natural history of the disease. Although many variables have been considered, we cannot exclude a confounder bias caused by noncompliance or other factors that might have influenced the outcome. The pathophysiological basis for the manifestation of cerebral symptoms and renal failure is not yet fully understood; however, some studies have shown that organic acids and CoA esters that accumulate in methylmalonic acidurias (MMA, 2-methylcitrate, and propionyl-CoA) induce a synergistic inhibition of mitochondrial energy metabolism (23, 24) . In line with this, we previously hypothesized that MMA may act as a nephrotoxin in concert with other metabolites (25) and reported on a mut 0 patient with end-stage renal failure who improved after reinforcement of dietary treatment (26) .
In conclusion, our study demonstrates that the natural history and outcome of MMAs is considerably influenced by the underlying defect linking the biochemical to the clinical phenotype. This hypothesis should be tested using an international prospective multicenter study.
